Resonance Raman spectroscopy offers several advantages in the studies of ink jet prints stemming from its inherent selectivity and sensitivity. These include the possibility to obtain direct information on the chemical interactions between the paper and ink that play a major role in long-term print fastness. However, resonance Raman techniques can suffer from obtrusive fluorescence from colorants or printing substrate and this severely complicates the Raman measurements.
INTRODUCTION
Ink jet printing is one of the major printing technologies because of its versatility. During recent years its use has become common particularly in small-scale color printing and in lowcost variable data printing applications. 1, 2 Manifold criteria are generally set for the ink jet print quality, eligible features typically including large color gamut, sharp detail rendering, and long-term fastness of the printed image towards i.e. light and moisture. These characteristics are highly dependent on the properties of both papers and inks and their chemical and physical interactions. [3] [4] [5] Traditional optical print quality measurement methods do not yield enough information to deduce the nature of the chemical interactions between the paper and the ink prevailing for ink jet printing. Consequently, other analytical methods are needed. Vibrational spectroscopy, or IR and Raman spectroscopy, offers several advantages in print studies over many other analytical techniques. The most remarkable benefit is the possibility to investigate the prints regardless of their physical state, and thereby obtain direct information about the actual paper-ink-interactions. In other words, both the inks and papers can be examined without destructive and often tedious sample preparation. Another advantageous feature is the opportunity to accomplish both surface and depth profiling measurements.
Earlier studies have shown that Raman spectroscopic methods are applicable to the analyses of ink jet prints. [6] [7] [8] [9] As the method is sensitive particularly to the aromatic structures and double bonds, it enables the detection of even minor amounts of the colorants on the paper surfaces and analysis of ageing, e.g. light-induced changes. Furthermore, resonance Raman spectroscopy offers additional advantages owing to its molecular specificity and high sensitivity. 10 With this method, certain chemical structures, i.e. chromophores of colorant molecules, can be selectively enhanced using an appropriate laser wavelength tuned to match an electronic absorption band of the sample of interest. 11 However, despite the many benefits that there are to ink jet print studies, resonance Raman spectroscopy often suffers from obtrusive fluorescence, originating for example from various ink jet colorants and paper coating components. [7] [8] [9] This behavior complicates greatly the measurements and frequently makes resonance Raman impracticable or severely hampers spectral interpretation. Several solutions to eliminating the fluorescence problem have been suggested. In analyses of colorants and ink jet inks, the use of near-infrared excitation (NIR-FTR) and surfaceenhanced resonance Raman scattering (SERRS) has been one strategy as a means to avoid or attenuate the sample-related fluorescence. 6, 11 Nevertheless according to the results, fluorescence still proved to be a problem in NIR-FTR measurements, whereas in SERRS, the required intrusive sample pre-treatment prevented the prints from being studied naturally. The fluorescence problem has also been alleviated to some extent by using an immersion objective in the NIR-Raman measurements of the prints, or by collecting the spectra using laser wavelengths in the UV region. 7, 12 .
One of the best solutions for fluorescence rejection is the temporal gating of the detected signal and several groups have worked in this area. [13] [14] [15] [16] [17] [18] [19] [20] This approach utilizes the difference between the temporal characteristics of Raman and fluorescence signals. For example; as the sample is excited using a high repetition rate picosecond laser beam, an instantaneous Raman signal is scattered first, whereas the longer-lived fluorescence is emitted on a substantially longer time-scale, typically tens of nanoseconds. Consequently, the fluorescence (or indeed phosphorescence) can be rejected in the time domain. This procedure has been implemented by using a Kerr gate technique [18] [19] [20] , in which the fluorescence rejection is based on a transient change in the optical properties of the gate material, e.g. carbon disulfide (CS 2 ).
Time-resolved Raman spectroscopy has been utilized in the analyses of both dyes and solid samples. For example, the electronic and vibrational relaxation of photoexcited transazobenzene in solution has been investigated 21 . The Kerr gate system has made possible resonance Raman spectroscopy of highly fluorescing dyes and even laser dyes Coumarin 480
and Rhodamine 6G. 19, 20 The applicability of Kerr gate picosecond time-resolved Raman spectroscopy to the studies of powders and films has also been explored 22 . The method notably reduced the fluorescent background originating from solid materials. Furthermore, the Kerr gate technique has been successfully applied to the fluorescence rejection of pulp sheets 23 .
The objective of this study is to evaluate the applicability of resonance Raman spectroscopy equipped with an optical Kerr gate for investigating the light fastness of ink jet prints. The work has been performed on a set of experimental coatings and inks of known compositions.
EXPERIMENTAL SECTION
Sample preparation. A model coating set was generated, where the structure of the coating layer, absorption properties, and net-charge of the coating were altered by varying the pigment and polymer compositions ( piezo ink jet printer using the model inks. The printed samples were exposed to artificial sunlight for 100 hours with a Suntest CPS+ xenon arc lamp, and the color difference value ∆E* based on CIEL*a*b* color coordinates was used as a measure of light fastness. The detailed description of the light fastness measurement procedure is given in an earlier paper 8 .
The light fastness values after 100 h exposure for the DY86 DEG ink on various model coatings are listed in Table 1 .
Kerr Gated Resonance Raman Spectroscopy. The Kerr gate set-up used in this study consisted of two crossed polarizers, and a Kerr medium (CS 2 ). Simultaneously with the Raman scattering from the sample, a short gating pulse (1 ps) creates a transient (~4 ps) anisotropy within the Kerr medium that selectively rotates the polarization of the Raman light but the majority of the fluorescence that arrives later is unaffected. After rotation the Raman signal is transmitted through a cross-polarizer, but the fluorescence light is blocked. The laser equipment of the present measurement set-up provided 800 nm, 1 ps, 2-3 mJ fundamental pulses at 1 kHz repetition rate. The fundamental laser output was split in two such that one part was taken for the gating pulse to drive the Kerr gate, and the remaining part was used as a probe beam yielding at the sample ~1 µJ, i.e. 1 mW. The probe beam was weakly focused down onto sample to around 0.3 mm diameter spot. The scattered Raman light was collected at 90° angle with respect to the incident beam. Carbon disulfide (CS 2 ) was used as a Kerr gate material, and 470 nm was chosen as a probe wavelength. More detailed description of the equipment is given elsewhere. [18] [19] [20] 23 Prior to the measurements, the spectrometer was calibrated using a polyethylene were collected. Thus, the duration of one measurement cycle was 400 s. Altogether five cycles were recorded for the liquid inks and DY86 DEG prints, whereas for DV107 and PY83
prints, only three cycles were collected.
Data Analysis. The spectral data were analyzed using the principal component analysis (PCA), which is a multivariate data analysis method. The mathematical background of PCA is described in detail elsewhere 24. . No data scaling or other transformations were performed to the spectral data prior to the principal component analysis to obtain more realistic impression on the possible spectral changes.
RESULTS AND DISCUSSION
Fluorescence suppression. Preliminary measurements of the resonance Raman spectra of printed samples were accomplished with 400 nm excitation wavelength, for all the studied colorants absorb light strongly at this wavelength. However, despite the use of Kerr gate, the resulting spectra were found to contain an extremely high amount of fluorescence. This can be attributed to the optical brightener included in the base paper. Consequently, as the absorption region of the studied colorants in the visible range extends to the higher wavelengths the following experiments were performed using the excitation wavelength 470 nm to exclude the contribution from the optical brightener. Preliminary tests of the Kerr gate rejection system were also accomplished for coatings printed with other types of ink jet colorants, namely a magenta modified direct dye DV107, and a yellow pigmented ink PY83 ( Table 2 ). The coating containing SA latex-starch polymer system and kaolin as a sole pigment (S0:100) was selected as a substrate. Both of these colorants and the kaolin pigment have proved to cause fluorescence problems in earlier Raman experiments. 7,9 Figure 2 presents the resonance Raman spectra of the magenta DV107 colorant in solution (Table 2) , and as printed on the S0:100 coating before and after light exposure. The spectrum of an unprinted coating S0:100 is shown for control. Figure 3 presents the corresponding spectra for the yellow pigmented ink PY83, when coating S0:100 is used. As previously, additional numerical fluorescence removal procedures were not performed for the spectra, so the curves presented in Figure 2 and Figure 3 represent the "raw data" obtained from the measurement. It is evident that the Kerr gate fluorescence rejection functions effectively in both cases, for the resonance Raman bands of the sample stand clearly out. Furthermore, the Raman bands of the printed samples again appear to originate mainly from the colorants, so the selected excitation wavelength seems to be appropriate for the studies of the chemical paper-ink interactions. Furthermore, as a result of light exposure, the bands of dye-based magenta ink DV107 decrease clearly in intensity, whereas the bands of the pigmented PY83 ink remain relatively unchanged. This is an expected result, because the light fastness of the pigmented ink generally surpasses that of dye-based inks. 4 It should be noted that in the case of DV107 the laser power had to be slightly lowered because of the sensitivity of the printed samples to degradation. The other measurement conditions were kept unchanged. Despite this, and the sample spinning during the measurement, the printed samples tended to burn somewhat. Consequently, it is possible that there is some incontrollable variation in the results rendering absolute Raman intensities to be less reliably observed. However, rather than detecting absolute overall Raman intensities the technique is suited to detecting relative intensity changes within Raman spectra that can result, for example, from the appearance or disappearance of species or conformers in the sample.
Light fastness of ink jet prints on coated papers. Light fastness of ink jet prints on the experimental coatings was studied using the DY86 DEG ink (Tables 1 and 2 ). Light fastness values based on the CIEL*a*b* color difference ∆E* between the unexposed and lightexposed prints are presented in Table 1 . The ∆E* data suggest that in the case of PVA-poly- following band assigments should be considered only tentative, and need to be verified using model compounds. First of all, the band at 1623 cm -1 likely representing the aromatic C=C stretching [25] [26] [27] [28] shifts to lower wavenumbers, ca. to 1616-1617 cm -1 . This is common behavior to both PVA-poly-DADMAC and SA latex-starch coatings. Secondly, the intensity ratio of the bands at 1448 cm -1 and 1396 cm -1 changes as a result of printing. This manifests itself as a slight decrease in the intensity of the 1396 cm -1 band, which possibly represents the symmetric N=N stretching [25] [26] [27] [28] , relative to the 1448 cm -1 band. On PVA-poly-DADMAC coatings, the band ratio in the spectra of unexposed printed samples is rather independent of the PCC:kaolin ratio, whereas on latex-starch coatings, the ratio change is the most pronounced on kaolin-rich coatings. Added to this, the band at 1232 cm -1 likely originating from the sulphonate group of the DY86 colorant [25] [26] [27] [28] shifts to the higher wavenumber the larger is the proportion of the PCC is in the coating.
If the resonance Raman spectra measured from the light-exposed prints (spectra c) are considered, the intensity of the azo band ca. at 1393 cm -1 is found to further reduce in relation to the band at 1446 cm -1 . This is typical behavior for all the studied DY86 prints, and is more pronounced with the latex-starch coatings ( Figure 5 ) than with PVA-poly-DADMAC coatings (Figure 4) . The literature suggests that photo-oxidation of azo dyes is affected by the azohydrazone tautomeric equilibrium, the latter being more prone to the oxidative fading. [29] [30] [31] [32] . An earlier study 33 gave indications that on cationic PVA-poly-DADMAC coatings, the pigment ratio of the coating did not seem to influence on the attachment of the anionic DY86 colorant to the coating, possibly owing to the strong interactions between the colorant and poly-DADMAC. Meanwhile, the opposite was found to hold true for the studied weakly cationic SA latex-starch model coatings. Therefore, it would seem reasonable to assume here that the variation in the chemical environment of the colorant would have an influence on its chemical stability, and thereby on light fastness. Consequently, it might be possible that the chemical state of the azo group, which is the chromophore of the DY86 colorant, would differ depending on the pigment composition of the weakly cationic SA latex-starch coatings and thus have an influence on the sensitivity of the colorant to light fading.
The spectra were analyzed further using a multivariate PCA method. The PCA loading plots presented in Figures 6 and 7 represent the resonance Raman spectra of ink jet prints on PVApoly-DADMAC and latex-starch coatings, respectively. The plots depict the difference between the Kerr gated resonance Raman spectra measured from unexposed and lightexposed prints such that the positive contributions ("bands") represent the unexposed prints, whereas the negative ones stand for the light-exposed prints. The fact that some of the positive contributions are located below the x-axis and vice versa, can presumably be explained with the baseline fluctuations that were not removed from the raw data. Besides the azo band at 1395 cm -1 , the majority of the other positive contributions in the PCA loading plots represent the DY86 colorant as well. [25] [26] [27] [28] In contrast, the negative contributions at 1072 cm -1 and 647 cm -1 can be assigned to the PCC pigment [26] [27] [28] and the Kerr medium (CS 2 ), respectively. It is evident that in the positive side of the loading plots, the magnitude of the the azo band at 1395 cm -1 in relation to the band at 1434 cm -1 is larger for the weakly cationic SA latex-starch coatings ( Figure 7 ) than in the case of PVA-poly-DADMAC coatings.
Consequently, this would suggest that the DY86 colorant, particularly the azo bond, photodecomposes and the bands originating from the coating thus become more dominant. This is consistent with the literature. [29] [30] [31] In addition to this, the PCA plots reveal that there is a strong positive contribution at 1434 cm -1 instead of a band at 1445 cm -1 present in the spectra of the printed samples, and a small negative contribution at 1473 cm -1 . This might indicate that the chemical group causing the Raman band at 1434 cm -1 would take part in the photo-degradation reaction of the colorant, whereas the contribution at 1473 cm -1 for one might originate from some photo-degradation reaction product of the DY86 colorant.
The exact assignment of the resonance Raman bands of the DY86 azo colorant and clarification of its exact degradation and stabilization mechanisms requires more detailed studies. Nevertheless, these preliminary measurements illustrate that resonance Raman spectroscopy combined with the Kerr gate fluorescence rejection system has a great potential both in analyses of paper-ink interactions and light fastness studies of ink jet prints.
CONCLUSIONS
The purpose of this study was to evaluate the applicability of Kerr gated resonance Raman spectroscopy to the light fastness studies of ink jet prints. This was investigated using model 600  700  800  900  1000  1100  1200  1300  1400  1500  1600  1700  1800 Raman shift, cm -1 Loading value Light-exposed prints Unexposed prints Figure 7 . The PCA loading values of untreated and light-exposed prints on weakly cationic SA latex-starch coatings.
